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2ABSTRACT
We produce probabilistic seismic hazard assessments for the Central Apennines, Italy, using time-
dependent models that are characterized using a Brownian Passage Time (BPT) recurrence model. 
Using aperiodicity parameters,  of 0.3, 0.5, and 0.7, we examine the sensitivity of the 
probabilistic ground motion and its deaggregation to these parameters. For the seismic source 
model we incorporate both smoothed historical seismicity over the area and geological 
information on faults. We use the maximum magnitude model for the fault sources together with a 
uniform probability of rupture along the fault (floating fault model) to model fictitious faults to 
account for earthquakes that cannot be correlated with known geologic structural segmentation. 
We show maps for peak ground acceleration (PGA) and 1.0-Hz spectral acceleration (SA1) on 
rock having 10% probability of exceedence (PE) in 50 years. We produce maps to compare the 
separate contributions of smoothed seismicity and fault components. In addition we construct 
maps that show sensitivity of the hazard for different  parameters and the Poisson model.
For the Poisson model, the addition of fault sources to the smoothed seismicity raises the hazard 
by 50 % at locations where the smoothed seismicity contributes the highest hazard, and up to 100 
% at locations where the hazard from smoothed seismicity is low. For the strongest aperiodicity 
parameter (smallest ), the hazard may further increase 60-80 % or more or may decrease by as
much as 20 %, depending on the recency of the last event on the fault that dominates the hazard at
a given site.
In order to present the most likely earthquake magnitude and/or the most likely source-site 
distance for scenario studies, we deaggregate the seismic hazard for  SA1 and PGA for two 
important cities (Roma and l’Aquila) . For PGA, both locations show the predominance of local 
sources, having magnitudes of about 5.3 and 6.5 respectively. For  SA1 at a site in Rome, there is 
3significant contribution from local smoothed seismicity, and an additional contribution from the 
more distant Apennine faults having magnitude around 6.8. For l’Aquila, the predominant sources 
remain local.
In order to show the variety of impact of different  values we also obtained deaggregations for  
another three sites. In general, as  decreases (periodicity increases), the deaggregation indicates 
that the hazard is highest near faults with the highest earthquakes rates. This effect is strongest for 
the long-period (1 s) ground motions.
INTRODUCTION
In recent years time-dependent earthquake recurrence models have been an important component
of many probabilistic seismic hazard analyses (PSHA), (e.g., Kumamoto, 1999; Working Group 
of California Earthquake Probabilities 1995, 2003, WGCEP; Cramer et al, 2000; Papaioannou 
and Papazachos, 2000; Frankel et al. 2002; Peruzza and Pace, 2002; Erdik et al., 2004; Pace et 
al., 2006; Petersen et al., 2007, 2008). There has been some debate on the relative merits of 
Poissonian and non-Poissonian recurrence models for use in building codes and earthquake 
insurance rates. However, the question of whether the time-dependent models of seismic hazard 
provide sufficiently important information for public policy applications is still open. The focus 
of this paper is to investigate the differences that these two different recurrence models make in 
the assessment of earthquake–induced ground motion hazard. Deaggregations of the hazard 
indicate the earthquakes (magnitude, distances) that contribute most to the hazard at a site and 
are used to help define scenario earthquakes that can be used for public policy planning. Because 
of the large amount of fault information that has recently become available for the Central 
Apennines, we selected this area as a case study for developing time-dependent hazard models. 
Historical and recent earthquake sequences in the central Apennines have raised hazard 
4awareness and this, in turn, has motivated the identification of several active faults and the 
estimation of seismic rates also for regions that have been silent during historical time (Barchi et 
al., 2000; Galadini and Galli, 2000; Valensise and Pantosti, 2001).
We compiled geologic data describing the geometry and activity (fault lengths, slip rates, single-
event displacements, and return times) for the major active faults, and combined these data with 
the historical seismicity to assess the fault seismicity parameters. .In order to express the time 
dependence of the seismic processes to predict the future ground motions that will occur across 
the region; we used a Brownian Passage Time (BPT) model characterized by a mean recurrence, 
aperiodicity or uncertainty in the recurrence distribution, and elapsed time since the last 
earthquake (Matthews et al., 2002). Although other parameters such as static elastic fault 
interactions, visco-elastic stress-transfer, and dynamic stress changes from earthquakes on 
nearby faults will also influence the probabilities for earthquake occurrence, in our study, we 
consider only the influence of the elapsed time since the last earthquake.
Results for both BPT and Poisson models are presented in terms of maps of Peak Ground 
Acceleration (PGA) and 1.0-sec spectral response acceleration (SA1) for 10% probability of 
exceedance in 50 years. The general strategy used in our study is similar to that used in the 
preparation of seismic hazard maps for California and for United States (Petersen et al., 1996, 
Frankel et al., 2002; Petersen et al., 2008), and for the Marmara Region in Turkey (Erdik et al., 
2004). 
To determine the relative contribution from various sources at l’Aquila and Rome, we 
deaggregated the seismic hazard for SA1 and PGA, following the approach described by Harmsen 
and Frankel, (2001). These cities have been selected because they are two of the most densely 
5populated metropolitan areas in the region. They have a high concentration of historical 
monuments and industrial facilities, and high political, economic and strategic relevance.
Pace et al., 2006 have also developed a PSHA for the same area. However our study differs from 
that one in the following respects. a) The use of the background seismicity parameters and the 
seismic catalogs in the hazard calculations. For example, we use historical catalogs, CPTI04 
(Working Group Catalogo Parametrico dei Terremoti Italiani, 2004) and a constant b-value 
distribution for the background seismicity hazard while Pace et al. (2006) use CSTI (Working 
Group Catalogo Strumentale dei Terremoti Italiani, 2001) instrumental catalogs with spatially 
variable b-value. b) The geologic data for the fault sources as well as the earthquake recurrence 
models. For example, we calculate the seismic hazard for the faults which have magnitudes greater 
than 5.9 while it is M>5.5 in their study. We associate an elapsed time calculated from 500AD as a 
conventional date for previous rupture on faults which did not have a historical earthquake, and 
use time-dependent model to calculate the seismic hazard for these faults. Instead, Pace et al., 
2006 treated those with the time-independent model. For some specific faults (see following 
section) we use different magnitudes, slip rates and elapsed time parameters. For this reason we 
provide a considerable amount of detail for our sources in this study. c) Time-dependent 
recurrence parameters from observed-recurrence times. In contrast, Pace et al., (2006) derived 
aperiodicity parameters from the statistics of alternative methods of determining maximum 
magnitude. We estimated aperiodicity ( values) for three faults where the recurrence intervals,
were already available, and used these values as a guide for selecting the range of  values to be 
used in our sensitivity analysis. On the contrary, Pace et al., (2006) did not attempt a sensitivity 
analysis on  values.
ACTIVE FAULTS/SEISMOGENIC SOURCES IN THE CENTRAL APENNINES
6Seismotectonic framework
The Central Apennines are characterized by extensional tectonics since the Pliocene (e.g. CNR-
PFG, 1987; Elter et al., 2003) with most of the active faults showing normal or normal-oblique 
movement. In this area the main active faults trend NW-SE and NNW-SSE, parallel to the 
general physiographic features of the chain, with only a few faults trending WNW-ESE (Figure 
1). 
Faults showing evidence of Late Pleistocene-Holocene activity are considered active in this work 
(e.g. Barchi et al., 2000; Galadini and Galli, 2000; Pantosti and Valensise, 2001). The length of 
fault sections mapped at the surface ranges between 5 and 20 km, with dips of 40°-60° usually to 
the W or SW. These fault sections are frequently organized in dextral step-over systems 
consisting of 3 to 5 segments. The total length of these step-over fault systems does not exceed 
33 km (i.e., Fucino and Gran Sasso fault).
At a regional scale fault systems and individual faults are organized into larger fault sets that run 
almost parallel to the Apennine chain axis (Figure 1). The number of fault sets and their 
relevance to seismic hazard is still a matter of debate. Boncio et al. (2004a) define three fault
sets, but other regional compilations (e.g. Galadini and Galli, 2000; Valensise and Pantosti, 
2001; DISS WG2007) or specific fault case studies (e.g. D'Addezio et al., 2001) identify no more 
than two active fault sets (Figure 1). The debated set is related to faults located in the western 
sector of the study area. Because there is evidence for inactivity, or very low activity along these 
faults (Galadini and Messina, 2004). In this work, we adopted only two main active fault sets (A 
and B, Figure 1) and introduced two of the faults (9 and 16) composing the third set of Boncio et 
al. (2004a) as secondary structures with uncertain activity. 
The geometry and kinematics of faults in the Apennines
7The fault strike, location, length, and slip rates/recurrence interval derived from surface 
investigations for the two main active fault sets are considered representative of the seismogenic 
sources at depth. The geometries and source parameters used in this model are mainly derived 
from the synthesis provided by Galadini and Galli (2000) and Valensise and Pantosti (2001) 
integrated with recent geologic mapping (see Table 1) and with sub-surface information, 
seismology, and geodesy (e.g. Barchi et al., 2000; Mirabella and Pucci, 2002; Pizzi et al., 2002; 
Salvi et al., 2000; Lundgren and Stramondo, 2002). Starting from the surficial and sub-surficial 
fault geometry derived from geological data, the source dimensions (Tab. 1) have been defined 
using the magnitude of the earthquake associated with each fault (for the cases defined in Tab. 
2). Therefore, source length and width are consistent with the expected energy release.
Generally, slip rates have been geologically determined, i.e.: by means of the displacement 
affecting dated Quaternary deposits and/or landforms, or the displacement of Late Pleistocene-
Holocene stratigraphic units observed in trenches excavated during paleoseismological 
investigations.
The Northern Sector
Although numerous studies were recently conducted in the study area (e.g. Barchi et al., 2000; 
Pucci et al., 2003), in the northern sector no conclusive evidence of Late Pleistocene-Holocene 
activity at the surface, has been obtained. Moreover, no obvious evidence for recent faulting was 
recognized in the area east of Gubbio (Fig. 1) even though this area experienced earthquakes 
with Mw estimated about 6.0 (1741 and 1799) (Fig. 1).  In such cases, the source parameters for 
PSHA input (magnitude and source) were derived mainly from the damage distribution of the 
historical earthquakes through the "Boxer" algorithm (Gasperini et al., 1999). This algorithm 
estimates magnitude by the macroseismic intensity reports, and then estimates an “axis” by 
8finding an orientation in which the near-field intensity appears to be elongated. Then, given the 
magnitude and axis, the algorithm can be used to create a “box” from which a magnitude can be 
estimated using length and width derived from empirical relations given by Wells and 
Coppersmith, (1994).
Because of the lack of geological information to directly derive the slip rate for some sources, we 
assume this can be considered similar to that of nearby sources for which the slip rate is 
available. For instance, the slip rate for the Colfiorito fault system was defined by integrating 
1997 coseismic geodetic slip derived from geodetic and InSAR modeling with historical 
information. In this case the coseismic slip is better known at depth where is estimated 20-30 cm 
(Salvi et al., 2000; Lundgren and Stramondo, 2002; De Martini et al., 2003) and can be translated 
to 10-20 cm at the surface by using common elastic dislocation models. Assuming that the 
previous earthquake on the same source occurred in 1279 (Galadini et al., 1999), a mean 
recurrence time of 700 years is hypothesized. These estimates yield a slip rate of ca. 0.15-0.28 
mm/yr for the Colfiorito source. For the sake of simplicity we adopt the mean value of 0.2 
mm/yr.
On the hypothesis that the Gubbio fault system (Pucci et al., 2003) and Gualdo Tadino structures 
share a similar tectonic setting and seismogenic behavior with the Colfiorito system, we assumed 
that the slip rate of this latter system (0.2 mm/yr) is representative also for the Gubbio and 
Gualdo structures. On the basis of displaced geomorphic features, a minimum slip rate of 0.2 
mm/yr was estimated also for the Norcia fault system (Blumetti, 1995) which is the source of 
historical Mw≥ 6 earthquakes. On the basis of the system length, magnitude of last earthquake 
(1703, Mw6.8), a slip rate of 0.65 mm/yr is proposed in the present work (no. 4 in Fig. 1 and 
Tables 1 and 2). Given the large uncertainty on the seismic behavior of these structures we also 
9modeled them as a floating rupture along the Gualdo, Gubbio, Colfiorito, and Norcia faults. The 
slip rate applied to the floating rupture was fixed at 0.2 mm/yr. 
A slightly lower slip rate was attributed to the Fabriano-Camerino source (0.10 mm/yr, the 
minimum considered in this study) that for the reasons exposed above is only modeled as a 
floating fault.
Southern sector
The amount of seismotectonic data increases significantly in the southern part of the target area. 
In this area most of the faults composing the two parallel active fault sets (Figure 1) were 
mapped and characterized using active tectonics, geomorphic, and paleoseismological 
investigations initiated by Bosi (1975) and further developed during the past 30 yr (see Table 1 
for references, listed according to fault). For these faults we used the parameters directly 
obtained in these studies (see Table 1) 
In fact, the available data indicate that in the southern sector none of the historical earthquakes 
that occurred during the past ca. 1000 years can be associated with the six seismogenic sources 
of the eastern fault set (i.e., nos. 5, 6, 7, 11, 13, 15 in Fig. 1 and Tables 1 and 2) with only one 
fault of the western set (no. 17 in Fig. 1 and Tables 1 and 2). Thus, in such cases, the elapsed 
time since the last earthquake should exceed 1,000 years for any fault. On the basis of 
paleoseismological and archaeoseismological data, the average recurrence times in the target 
area are inferred to be longer than 1,000 years (e.g., Pantosti et al., 1996; Galadini and Galli, 
2000; 2001; D’Addezio et al., 2001), Because there is some evidence of large earthquakes for a 
few of these sources in the preceding millennium, we assume the elapsed times for the sources to 
be of the order of 1,000-2,000 yr. We set the occurrence of the last earthquake on the sources 
that have not ruptured during the last 3000 years at 500 AD, and we set the elapsed time at 1500 
10
yr BP (Table 2). The choice of 500 AD is "conventional": it is a “fixed” date in order to 
emphasize these faults have not had an earthquake in a long time. When we deal with periods 
preceding 1000 AD, knowledge on the historical earthquakes is so sparse that in many cases 
"conventional" dates have been attributed to the unknown events caused by well known 
seismogenic sources.
Conversely, for those faults that are less known we had to infer parameters similarly to the
methods used in the northern sector of the target area. These faults (i.e. the two located to the 
western part of this sector) are considered as potentially responsible for earthquakes with Mw
about 6 and are modeled as floating faults. A low slip rate (0.10 mm/yr, the minimum considered 
in this study) was assumed for the Salto-Rieti fault (no. 9 in Fig. 1 and Tables 1 and 2), whereas 
a 0.20 mm/yr was inferred for the Liri Valley-Sora source (no. 16 in Fig. 1 and Tables 1 and 2).
Unresolved issues and adopted choices
Two major unresolved issues are the association of historical damaging earthquakes with faults 
identified in the area and the probable over-estimation of some magnitudes estimated from 
historical data.
1706 earthquake
the Mw 6.6, 1706 earthquake (Fig. 1) is located in the southern part of the study. Different 
hypotheses are available for its association with identified faults (Meletti et al., 1988; Gasperini 
et al., 1999). Since the seismotectonic framework of the 1706 earthquake area is still unclear, in 
this work we adopt the magnitude and source size solution derived from the Boxer program 
(Gasperini et al., 1999) and reported in Valensise and Pantosti (2001) (no. 14, in Fig. 1 and 
Tables 1 and 2). 
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1654 earthquake
The Sora area (SW sector of the target area) was struck in 1654 by an Mw 6.2 earthquake (Fig. 1), 
but no conclusive data are available on the identification of the responsible fault (e.g. Carrara et 
al., 1995). One possibility is that the earthquake magnitude has been overestimated and/or the 
event was produced by a blind source. For this reason, we decided to include the 1654 
earthquake source in a floating rupture source. (no. 16, in Fig. 1 and Tables 1 and 2). 
1461 and 1639 earthquakes
Both the 1461 earthquake and the 1639 earthquake sequences occurred near l’Aquila (see Fig. 1 
for the location of the 1461 event, while the 1639 earthquake epicenter (it is not in the map) was 
located about 30 km north of l’Aquila). Given the limited amount of historical information 
available and the fact these occurred as earthquake sequences, the revision of their CPTI04 
(Working Group CPTI, 2004) magnitudes suggests that these are likely over-estimates. For the 
1461 event, an Mw 6.5 is attributed by CPTI04. However, because it produced significant damage 
only in a small area of the Middle Aterno Valley, and given the general tectonic setting of the 
area (Bosi and Bertini, 1970; Bertini and Bosi, 1993), we forced the association of the 1461 
earthquake seismogenic source to the NW-SE Poggio Picenze structure, which is consistent with 
a Mw 6.0 earthquake (no. 18 in Fig. 1 and Tables 1 and 2).
Working Group CPTI (2004) attributes an Mw 6.3 to the 1639 earthquake. However, also this 
earthquake is likely to be a sequence of events (Camassi and Castelli, 2004). Thus, the CPTI04 
magnitude is expected to be higher than that of the separate earthquakes. In this case, we 
consider the earthquakes composing the 1639 sequence to be all smaller than Mw 5.9 and thus in 
our PSHA model belong to the background seismicity. Therefore no individual source has been 
imaged for these earthquakes. 
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1315 earthquake
An Mw 6.0 earthquake is reported by Working Group CPTI (2004) in 1315. However, the poor 
historical information available suggests that both the magnitude and location attributed to this 
event are too uncertain to associate this event to any defined seismogenic source. For this reason 
we do not include the 1315 event in our fault model. Therefore, it also belongs to the background 
seismicity.
PSHA METHODOLOGY AND MODELS
We construct a PSHA model for the central Apennines based on the long-term recurrence behavior 
of active faults together with the spatial distribution of earthquakes observed in historic time. The 
basic procedure for constructing the hazard maps is shown in Figure 2. The earthquake hazard in 
the region is assumed to result from the following contributions: (1) the background earthquake 
model, based on seismicity which does not occur on the known faults (Model-1) (historical and 
instrumental earthquake catalogs for events 4.6 ≤ Mw < 5.9), and (2) the geologic data from 
individual fault segments for large earthquakes, Mw ≥ 5.9 (Model-2). 
Model-1: Historical Catalogs/Background Seismicity
In the background earthquake model spatially smoothed seismicity (Frankel, 1995; Frankel et al., 
1996) accounts for random earthquakes on unknown faults or on known faults for magnitudes 
below Mw 5.9. In its purest form, the smoothed-seismicity method simply assumes that patterns of
historical earthquakes predict future activity, but it can easily be supplemented by tectonic- or 
geodetically-based zones or other model elements, if there is reason to suspect that seismicity 
catalogs are insufficient.
We use the declustered historical catalogs prepared by the Working Group, (CPTI, 2004) (Figure
3) of magnitude Mw≥ 4.6 and higher, which consists of 2550 records of earthquakes in the time 
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window from 217 BC-2002 AD. CPTI assigned a homogeneous magnitude to each earthquake 
from the three main types of magnitude available, Ms, Mw, and Msp (see in details Working Group 
CPTI, 2004). CPTI also identified periods of stationarity/completeness for different magnitude 
ranges.
The minimum magnitude of completeness, Mmin, was chosen also as a minimum magnitude for 
the hazard calculations, based on the common observation that in Italy the earthquakes with 
magnitude around 4.5 are likely to cause some damage (For example: Massa Martana (Umbria) 
1997, Md=4.5; Forlivese, 2000, ML=4.3; Valle dell'Aniene (Lazio) 2000, ML=4.1), (; Tertulliani 
et al., 1996; Molin et al., 2002; Camassi et al., 2000). The maximum magnitude, Mmax, in this 
model was chosen as 5.9. 
To obtain the maximum likelihood a- and b-value distribution (Weichert, 1980) the earthquakes 
were counted in several magnitude-time completeness. The b-value determined was 0.90. Then 
the study area was divided into cells 0.050 in latitude by 0.050 in longitude (roughly 5x5 km). We 
computed the gridded values (earthquakes/cell/year) and smoothed them spatially using a two-
dimensional Gaussian function with a smoothing length of 25 km. This optimal distance was 
obtained by Console and Murru (2001) using a trial-and-error procedure. The seismicity fitted by 
the a- and b-values was allocated to the cells in proportion to the smoothed seismicity. This 
constitutes a “10a” grid. 
Finally, using this grid, the annual rate of exceeding a specified ground motion at a site was 
calculated with the usual methods, using the computer codes available on the USGS website (see 
Data and resources section). A maximum source-site distance of 150 km was chosen for the 
hazard calculations. (Because of the narrowness of Italy, for cities in the study area, arcs of 150 
km radius capture all the Apennine sources that are important in the ground motion calculation.)
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Model-2: Faults and Recurrence Models
Displacement of the Earth’s crust along faults occurs either in the form of earthquakes or in 
aseismic creep (WGCEP, 2003). Because no evidence for aseismic creep is reported for the
Central Apennines, we ignore this possibility. 
In PSHA models, the total seismic moment release for a fault source is sometimes partitioned 
between two different magnitude-frequency recurrence models, the Characteristic or maximum 
magnitude model (CH hereafter) which hypothesize that the entire moment release is associated 
with a single maximum magnitude, and the Gutenberg-Richter model (GR hereafter) which
considers earthquakes with a range of magnitudes between the minimum and maximum magnitude 
(Gutenberg and Richter, 1949). Together, these models are meant to incorporate our lack of the 
knowledge about the specific fashion on which the earthquake activity takes place on a particular 
fault. In this study, however, we assume only the characteristic model for the faults, and check
whether this assumption is supported by the historical seismicity (see below).
The Apennine faults are modeled in three dimensions using lengths, widths, depths and dip angles.
Table 1 gives the necessary information related with the 3D fault geometry (fault dip, D, depth, H, 
length, L, width, W) and its seismic behavior (slip rates, SR, maximum magnitude, Mmax).
For most of the Apennine faults, we assumed that the energy is released only by single segments 
that rupture independently, not together in a cascade-type model. Figure 4 shows the fault 
segmentation model used in this study.
As well as the 1654 event mentioned earlier, many other historic earthquakes around Mw 5.9 
cannot be assigned to specific faults (e.g. the 1654, 1747, 1751, 1799 events), and hence they have 
been assigned to special, longer fault zones, for which the characteristic behavior is still assumed 
to be possible (faults 9, 16), but whose location is not known with sufficient precision. These 
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earthquakes are assumed to rupture with a magnitude of Mw 5.9 anywhere along the fault with 
equal probability. These extended zones, termed “floating fault” zones, are indicated in Fig. 4 by 
thicker lines. The floating fault zones also account for uncertain geometry of the seismogenic 
source; for example, i) the Fabriano-Camerino sector (no. 19 in Fig. 4), where geologic data on the 
sources of the 1741 and 1799 earthquakes are lacking, and ii) the Salto Valley-Rieti and Liri 
Valley-Sora sectors (no. 9 and 16 in Fig. 4, respectively) where the segmentation is unknown and 
geologic data seem to exclude the occurrence of large magnitude events.
Note also that a floating fault zone is assumed in the area of sources 1, 2, 3, and 4 (Fig. 4) for 
some historical earthquakes whose historical location is not known sufficiently to be assigned to 
specific zones. This zone contains historical earthquakes with M>5.9. Most of the M=5.9 
earthquakes, for example, the ones occurred in 1328, 1599, 1730, 1747 and 1859, can not be 
accurately associated with faults by using geological and geophysical data. For these 
earthquakes, which are not assigned to specific fault segments, we use a floating earthquake 
rupture model in order to calculate the seismic hazard assuming that any of those eight 
earthquakes can rupture anywhere inside the long, specified zone with the same rate and 
probability (Fig. 4 and Table 1 and 2). The recurrence time for these earthquakes is calculated, 
RT=103 yrs, using a slip rate of 0.2 mm/yr. This means that one gets around 8-10 events in 800-
1000 yrs assuming that the Mw=5.9 events are complete from around 1300. This number of 
events completely agrees with the number of earthquakes, eight, that occurred with Mw=5.9 in 
the zone (indicated by thicker lines in Fig. 4).
Nevertheless, inside the zone there are also four earthquakes with magnitude greater than 5.9 
occurred in 500AD, (Mw=6.2, Gubbio); 1751, (Mw= 6.3, Gualdo Tadino); 1279, (Mw=6.3,
Colfiorito); and 1703, (Mw=6.8, Norcia) which can be associated with fault segment identified by 
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the geological and the geophysical data in the field. These four faults are modeled with the 
characteristic earthquake model assuming that each of them ruptures with its own calculated rate 
of occurrence and the characteristic magnitude at the same location (each of those indicated by 
thinner lines in Fig. 4).
Thus, a total of five individual scenarios are inside the floating rupture zone; Four of them were 
computed using the characteristic model, and one of them is to be referred to the floating fault 
model, introduced to the PSHA calculation separately with different rate of occurrence probability.
Comparison between earthquake rates implied by historic earthquakes and the geologic source 
model for the central Apennines
Since a common test of a PSHA model is to compare the rate of earthquakes predicted from the 
source model to the historical record of earthquakes (Petersen et al., 2000), we examine the 
difference between expected earthquake rates inferred from the historical earthquake catalog, and 
the rates determined from the geologic data that was used to develop the seismic source model for 
the central Apennines, including the rates associated with characteristic faults. In Figure 5 we 
show the total cumulative number of events per year greater than, or equal to, the magnitude 
predicted from the geologic source models (CH model for all sources), Mpre, together with the 
cumulative number of events per year observed historically from the seismicity catalog, CPTI04,
and the our final PSHA model for the central Apennines.
The Working Group CPTI (2004) catalog tends to follow a typical Gutenberg-Richter 
distribution, suggesting that the catalogs are complete for most of the range of magnitudes of 
interest. The thin straight line in Figure 5 indicates a Gutenberg-Richter model with a b-value of 
0.90. Note that our PSHA model rates and the historical seismicity rates are very similar for 
magnitudes below Mw 5.9, since one is derived from the other. Between magnitudes Mw 5.9 and 
17
Mw 6.5, faults treated as characteristic fit the historic curve better than faults treated as Gutenberg-
Richter. For greater magnitudes, both the historic rate and the fault rates drop below the straight 
line given by the b-value, the characteristic model giving the better fit. 
Ground Motion Prediction Equations
Ground Motion Prediction Equations (GMPEs) have been developed by Ambraseys et al. (1996) 
(Hereafter ASB96) for the Mediterranean regions and by Sabetta & Pugliese (1996) (Hereafter 
SP96) for Italy through regressions of strong-motion data. Also, a set of empirical relationships is 
available for different geographical regions of Italy. These relationships were derived from the 
regional seismicity (weak- and strong-motion databases), containing thousands of waveforms 
recorded in areas with homogeneous attenuation characteristics (Malagnini and Herrmann, 2000; 
Malagnini et al., 2000; Malagnini et al., 2002; Morasca et al., 2006; Bragato and Slejko, 2005). 
The new predictive ground-motion relationships, recently developed by Malagnini et al. (2000) for 
the Apennines, have been introduced into the hazard calculations together with the ones derived by 
ASB96 and SP96. 
We compare median predicted values from these GMPEs using some adjustments as described 
by Montaldo et al. (2005), since these equations use different definitions of different magnitude 
and distance scales. In particular, Montaldo et al., (2005) discuss the significance of the distance 
conversions and style-of-faulting adjustments, as well as the problems related to the use of 
regional relations, such as the selection of a reference depth, the quantification of random error 
and the strong-motion prediction. In order to compare the PGA values for the same distance 
measurements, similar adjustments are obtained by Scherbaum et al. (2004). Simple approaches 
for adjusting predicted ground motions to compatibility in terms of magnitude, distance etc. are 
presented by Bommer et al. (2005). Figure 6 shows the comparison between (a) peak ground 
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acceleration (PGA) predicted by regional GMPEs (Malagnini et al., 2000) for Mw =5.0 and Mw
=7.0 with the results of the empirical regressions by ASB96 and SP96. As can be seen in Figure
6 the ASB96 and SP96 GMPE overestimate the PGA values compared to the regional GMPE 
one. The strong-motion based predictive relationships SP96 and ASB96 are characterized only 
by a geometrical attenuation, 1/r in the entire distance range without anelastic attenuation. Such 
parameterization catches the average decay of the largest earthquakes, but it is unable to predict 
the motion amplitudes of smaller events, for which the anelastic attenuation is more important. 
Due to the specific shape of the source radiation spectra, peak accelerations excited by large 
earthquakes are carried by low frequencies, whereas higher frequencies are responsible for 
carrying the peak accelerations of smaller events. The effect of the attenuation is thus much 
stronger on peak values of smaller events, and thus the discrepancy observed for M≤5.0 events at 
larger distances.
These three GMPEs (Malagnini et al., 2000, ASB96, SP96) are incorporated into the calculations 
using a logic tree model and weighted: For the smoothed seismicity, we use only the regionalized 
GMPEs of Malagnini et al. (2000) with weight 1.0, and for the faults, both ASB96 and SP96 with 
weight 0.5 each. 
OCCURRENCE PROBABILITY MODELS
The Time-independent (Poisson) model
The Poisson model is standard of practice for most probabilistic seismic hazard analyses, having 
been used most recently in the National Earthquake Hazard maps for Italy (Stucchi et al., 2004) as 
well as for the United States (Frankel et al., 2002; Petersen et al., 2008). In the Poisson model, the 
probability of occurrence of the next earthquake is independent of the time of occurrence of the 
previous one. The Poisson distribution has the important property that the hazard function, which 
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shows the conditional probability of an event occurring given that some interval, has elapsed since 
the last even, is constant. Thus, it has no “memory” of the time of the most recent event. This 
assumption is reasonable when the hazard may depend on a number of different and independent 
sources. For sites near dominating faults, this assumption is questionable: an earthquake is not just 
as likely to occur on a fault segment one day after the most recent event as it is to occur on a day 
two hundred years later. 
Time-dependent (renewal) model 
In contrast to the Poisson model, a time-dependent renewal process model is based on the 
assumption that after one earthquake on a fault segment, another earthquake on that segment is 
unlikely until sufficient time has elapsed to build sufficient stress for another rupture (Lindh, 
1983; Sykes and Nishenko, 1984; Nishenko and Buland, 1987; Ellsworth, 1995; Ogata, 1999). 
Various statistical models have been proposed for the computation of the probability density 
function for earthquake recurrence, such as Gaussian, log-normal, Weibull, Gamma and 
Brownian. In this study we use the Brownian Passage Time (BPT) probability model that is based 
on a simple physical model of the earthquake cycle. In the BPT model, the failure condition of the 
fault is described by a state variable that rises from a ground state to the failure state during the 
earthquake cycle (Matthews et al., 2002; Ellsworth et al., 1999; Kagan and Knopoff, 1987). This 
model yields values that are very similar to the other time-dependent models except at elapsed 
times greater than the average recurrence interval. 
The BPT model requires a minimum of two parameters, as well as knowledge of the time of the 
most recent rupture. One parameter is the mean recurrence interval, µ, and the other describes the 
variability of recurrence intervals and can be related to the variance of the distribution.  This 
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variability of recurrence intervals is described as the aperiodicity, , which is related to the mean 
divided by the standard deviation
The probability density for the BPT model is given by:
fBPT(t) = √(22t3)exp[(t )2 / 22t] (3)
where t is time. The behavior of a BPT model depends strongly on the value of . For smaller 
values of , fBPT(t) is more periodic and is strongly peaked and remains close to zero longer. For 
larger values, the time in which the earthquake is very unlikely, the “delay” or “dead time,” 
becomes shorter, and fBPT(t) becomes increasingly Poisson-like. The hazard function increases 
with decreasing values of and becomes Poisson-like with increasing values that approach 1.0.
For the renewal model, the conditional probabilities for each fault are calculated. These 
probabilities are said to be conditional since they change as function of the time elapsed since the 
last earthquake. The 50 year conditional probabilities thus calculated are converted to effective 
Poissonian annual probabilities by the use of following expression: Reff =-ln(1-Pcond)/T.
Aperiodicity parameter
In the present study, we calculated aperiodicity parameter, , from 4 sequences of repeating 
earthquakes in the Central Apennines using an approach given by Savage, (1991). In order to do 
so we have to have enough inter-event times to calculate a robust estimate of . Ellsworth (1999) 
has shown that sequences of only 2 or three intervals between events will be of little use for 
estimation of . By restricting the sequences to those that have at least 3 and 4 closed intervals 
(i.e., 5 events), we found only 3 sequences out of all available in the Apennines suitable for 
analysis. The  values are around 0.22 for the Fucino and the Irpinia faults, and around 0.50 for 
the Ovindoli-Pezza fault. Although, the Iprinia fault is not listed in the Table 1 and 2 and not 
shown in Fig. 1, it locates just in the southern part of the studied area. Since it has similar faulting 
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features to the Fucino fault and has more than five dated paleoseismologic events from data
observed in trenching studies (Pantosti et al., 1993), we also used the Irpinia earthquake sequence 
to determine the aperodicity parameter.
Of course, these values are very uncertain, having been calculated from small samples, but their 
values serve to show the comparison with values found elsewhere. Ellsworth et al. (1999) found 
from statistical tests that (1) the limited worldwide earthquake recurrence interval data have a 
Brownian Passage Time model shape factor ( value) of 0.46±0.32, (2) the 35 recurrence 
interval sequences examined are compatible with a shape factor of 0.5 and (3) the 35 earthquake 
sequences had no systematic differences when grouped by tectonic style. Since we do not have 
experimental data of repeated earthquakes on the individual faults and/or actual data on which to 
estimate aperiodicity in the Central Apennines are sparse, we used the average value of , 0.5, as 
a central value for the rest of the faults in the study region, and for a sensitivity study also used 
this value with plus or minus 0.2, that is, 0.7, 0.5, and 0.3. 
An illustration of how the  value affects time-dependent results is given in Figure 7 for the 
Aremogna-Cinquemiglia fault. For a time-dependent calculation we present the time since the 
last earthquake as ratio of that time divided by the mean recurrence interval of the earthquake 
(‘elapsed time ratio’). For example, the current time is presented by 1506 years (time since the 
last earthquake)/1381 years (mean recurrence time of the earthquake) = 1.38 for this fault.  
Generally, the conditional probability for equal to 0.5 and 0.7 is closer to the fixed Poisson 
probability than the conditional probability for a  of 0.3. Also the conditional probability for a
 equal to 0.7 and 0.5 rises above the Poisson probability level earlier in the recurrence cycle 
than the conditional probability for a  of 0.3. In general, the smaller the , the nearer rise in 
hazard above the Poisson level occurs the average recurrence time.
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In Table 2, we give the recurrence rates at each fault, calculated using both the Poisson and BPT 
recurrence model. Seven of the 20 faults in Table 2 do not have the elapsed time, and the last 
earthquakes on these faults are assumed to have occurred in 500 AD (see section “Active 
faults/seismogenic sources in the central Apennines”). For these seven faults the elapsed times 
exceed the average calculated recurrence interval, and at the lowest  values, time-dependent 
probabilities are still sensitive to the elapsed time. 
HAZARD COMPUTATION
For earthquakes having magnitudes less than Mw 5.9, the source model is that of the smoothed 
seismicity. For earthquakes having magnitudes Mw 5.9 or greater, the source model is that of the 
characteristic faults. The computer codes used to make the hazard maps are taken from the website 
of the USGS [http://earthquake.usgs.gov/research/hazmaps/]. The methodology used follows that 
used by the USGS in the preparation of the US national hazard maps. The codes used for the 
deaggregation calculation are taken from S. Harmsen (personal communication) and modified for 
use in Italy.
RESULTS
The role of the faults and the background seismicity
Figure 8a and b show, respectively, the hazard maps of mean PGA having 10% PE in 50 years on 
rock from Model-1 only, the background seismicity, and Model-2 only, the individual fault 
models. The map obtained using both models is shown on Figure 9d. The background seismicity 
contributes significantly to the hazard in the center of the study area, in some cases even 
dominates the contribution of the sources, as we shall demonstrate in the deaggregations.
The effect of aperiodicity parameter on the hazard maps
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The results obtained for 10% probabilities of exceedence in 50 years for PGA for the BPT (= 
0.3, 0.5  and 0.7) and Poisson models are presented in Figures 9a-d. The differences between 
Poisson and BPT hazard are striking. In the Poisson model the hazard is not sensitive to the
recency of rupture on the faults. Generally, but not always, time-dependence raises the 
probabilities except for those faults that have had earthquakes recently (e.g. the Fuciuno, 1915, 
etc). For example, the maps for peak ground acceleration show high probabilistic accelerations in 
the Sellano and Norcia areas, around 0.32 g for the Poisson model while the ground motions are 
lower, around 0.28 g for BPT model ( = 0.5), since the elapsed time from the last earthquake for 
floating fault 1 was short (7 years after 1997, see Table 2) (Fig. 9b). On the other hand, some 
source faults, for high BPT conditional probabilities, produce the most hazardous sites (for 
example no: 11, 13, 15, and 17 of Table 2, Fig. 4). For example PGA is  0.32 g around the city of 
l’Aquila for the time-independent model while it increases nearly 60-80%, up to 0.55 g, in the 
same site close to fault 11, for the time dependent case ( = 0.3),  and becomes the most hazardous 
city in the study area. 
From figure 6 and Table 2, it is possible to estimate the effect of  on the hazard. In general, if the 
elapsed time is only a small fraction of the average recurrence time, the contribution of the fault to 
the hazard map will be small. Also, if the elapsed time is near or greater than the average 
recurrence time, the contribution of the fault to the hazard will increase with decreasing . At 
values of elapsed time near 60% of the average recurrence time, the probability of earthquake 
occurrence can first increase and then decrease with decreasing  When the steady contribution of 
the background seismicity is added into the model, great complexity is possible for the effect of 
decreasing  on the map values.
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Just looking at sites near the center of each fault in figures 9a-d, we have seen all of the following 
behaviors with decreasing , and suggest their likely causes in the list below,
a) Hazard increases continuously: one fault having elapsed time greater than the average 
recurrence interval dominates at the site.
b) Hazard decreases and then levels off- the domination of a fault having elapsed time shorter than 
average recurrence interval decreases to the point where the background seismicity dominates.
c) Hazard maintains a steady level: background seismicity always dominates.
d) Hazard stays level and then increases: background seismicity loses domination to a fault with 
elapsed time longer than the average recurrence interval.
e) Hazard stays level and then decreases: a fault having elapsed time shorter than average 
recurrence interval.
f) Hazard decreases and then increases: initially a fault having recurrence time shorter than the 
average recurrence interval dominates, but then loses domination to another fault having elapsed 
time longer than average recurrence interval.
g) Hazard increases and then decreases: a dominating fault has elapsed time near 0.6 times the 
average recurrence time, a value where the probability of occurrence increases and then decreases 
as  goes from 0.7 to 0.5 to 0.3.
Overall, the PSHA results that are based on the time-dependent model display the effects of the 
recency of fault rupture by drastically reduced hazard levels in the northern sector and by 
somewhat elevated hazard levels in the southern sector. 
Figure 10 a-f shows the ratios (time-dependent over Poisson) for PGA and SA1 hazard level of 
10% exceedence in 50 years where differences exceed 0.05g using three separate parameters: 
0.3, 0.5, and 0.7. Notice that  parameter has large influence on the results in each figure. 
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PGA estimates mostly increase with decreasing  at the south-eastern part of the studied area 
including the faults 7, 10, 11, 13, 15, 17 and 18, have long lapse time which is well past average 
recurrence time (elapsed time ratio ~ 1.0). It decreases along the central belt of the Apennines 
where the faults have shorter lapse time of compared to its average recurrence time (fault 2, 4, 9, 
12 and 16, elapsed time ratio ~ 0.0-0.2). In general, the choice of the  parameter creates small 
areas where the change is greater than 10% when =0.5 and 0.7 and large areas where change is 
greater than 10% when =0.3 (Fig. 10a-f). An  of 0.5 and 0.7 show changes less than 20-25% 
in Figure 10 b, c and Fig. 10 e, f. Changes in the time-dependent maps both for PGA and SA1
reaches up to 60-80% compared to time-independent for =0.3 depending on the recency of the 
last event on the fault that dominates at some sites (Figure 10a and d). From those figures, it is 
difficult to follow the details of the behavior of each fault as a function of elapsed time which 
may be observed in the deaggreation analysis (see following section).
Deaggregations
The process of deaggregation is that of the separation of magnitude and distance combinations 
which contribute to the exceedance of the map ground motion at a particular site. Deaggregation 
allows us to understand the magnitudes and distances which contribute the most to the hazard at 
a specific site, and may help to select the design earthquake for such site. This information is 
often useful for engineering and planning purposes (McGuire, 1995). 
Deaggregation for Rome and l’Aquila
We first deaggregated the seismic hazard for PGA and SA1 at two sites in important urban areas; 
Rome and l’Aquila (Figs. 11a-d and 12a-d). In this study, we used the geographic deaggregation 
method, which separates the contributions into bins of location, magnitude, and ground-motion 
uncertainty (Bazzurro and Cornell, 1999). We used equal area location bins with constant 
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incremental radius and variable azimuthal angle 
[http://eqint.cr.usgs.gov/deaggint/2002/index.php]. In Figures 11a-d, 12a-d, and the following 
map views of deaggregated hazard, we show the geographic variation of hazard contribution, 
both in terms of percent of the ground motion exceedances (bar height) and average magnitude 
for the sources producing those exceedances in that bin (bar color).
For the city of l’Aquila, one or two magnitude location bins contribute over 50% of the ground 
motion exceedances, representing a single controlling source. Thus the probabilistic hazard of 
l’Aquila is controlled by large earthquakes on faults located along the axis of the tectonic belt, 
and the l’Aquila fault contributes most to the peak ground acceleration hazard.
For PGA, with the Poisson model (fig. 11a), faults 8 (R~0.1 km), 10 and 18 (R~5 km) contribute 
equally about 20–30 % of the ground motion exceedances. With the BPT model (fig 11b), for 
= 0.5, the probabilistic ground motion at l’Aquila increases from 0.36 (Poisson) to 0.42g (time-
dependent). The contribution from fault 8 decreases from 28% to 1 % because the elapsed time is 
much smaller (elapsed time ratio =0.22, see Table 2 and Fig.7). 
For SA1, with the Poisson model and the BPT model, the behavior is essentially the same as for 
PGA.
In contrast to l’Aquila, for the city of Rome there is no single source that clearly dominates the 
seismic hazard. Both in the Poisson and BPT model for PGA, background seismicity contribute 
around 95% to the exceedances of the mapped ground motion (Fig. 12a and b).
For SA1, the hazard contribution from distant faults, 7, 10 and 12 (R ~ 70–90 km) becomes 
important, and the contribution from the background seismicity decreases almost 50% (Fig. 12c 
and d).
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Paleoseismic evidence and seismic history suggest that the city of Rome has experienced 
considerable earthquake ground motion since its establishment more than 2000 years ago. 
Seismic hazards in Rome are mainly associated with two active seismogenic areas: the Alban 
Hills and the Central Apennines regions, located about 20 km south-east and 80-100 km east of 
central Rome, respectively. Within the past century, Mw 7.0 and Mw 5.3 earthquakes in the 
Apennines and the Alban Hills, respectively, generated intensities up to VII in the city 
(Tertuliani and Riguzzi, 1995). This is reflected in the deaggregation results; which show the
peak ground accelerations to be dominated by moderate-sized background earthquakes (Mw ~ 
5.3) at close distances, (~ 20 km), (Fig. 12a and b) whereas, the 1.0 s spectral accelerations 
predicted for Rome are also due to large earthquakes (Mw ~ 6.8-7.0) at distances of around 80-
100 km, (Fig.12c and d).
Deaggregation at sites illustrating special behaviors
Based on the hazard map behavior and knowledge of which faults ought to show increasing, 
decreasing, or more complex contribution to site hazard, and understanding that the background 
seismicity can disguise this behavior in the hazard maps, we selected three sites (A, B and C) in 
which deaggregation shows the changing role of the fault and background sources as  gets 
smaller.
Site-A
For PGA, with the Poisson model, the exceedances come from fault 19 (R=10 km), the closest 
fault and from the background seismicity, with contribution 59% and 36 %, respectively (Fig. 
15a). 
In the BPT model, maximum ground motion decreases slightly from 0.17 to 0.15 g with 
decreasing  (Fig. 15b-d). The hazard contribution from fault 19 decreases with decreasing , its 
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elapsed time ratio is equal to 0.38. The contribution from fault 5 (R=32 km) increases slightly 
when decreases. 
For this site, for PGA, we see that the contribution of background seismicity is important both 
for the Poisson and the BPT cases, the BPT model slightly increases the hazard, and the 
dominating fault loses only a little domination.
For SA1, with the Poisson model, the deaggregation is similar to that of PGA, but there is more 
contribution from distant faults 1, 2, 3, 5, 6 and 7(Fig. 14a), a characteristic of deaggregations of 
longer-period ground motions. With the BPT model, the contribution from fault 19 decreases 
drastically from 40% to 12% with decreasing Behavior of faults 5 (R=32 km), 6 (R=62 km) 
and 7 (R=86 km) is opposite. Their contribution increases to a maximum of 23%, 13% and 7% 
with decreasing respectively, since their elapsed times are well past the average recurrence 
times (Fig. 14b-d). This is a consequence of our assumption that, when there is no known 
previous event, the date of the previous event is taken to be 500 AD, giving a lapse time of more 
than 1500 years.
For site SA1 the background seismicity is important, and becomes more so with the BPT model. 
The BPT model slightly decreases the hazard, and the dominating, closest fault loses its 
domination to more distant faults having larger lapse time.
Site-B
For PGA, with the Poisson model (Figure 15a), faults 11 (R=8.1 km) and 10 (R=6 km) contribute 
to the hazard at site A equally with around 27 % of the exceedances, and source 12 (R=12 km) and 
the background contribute about 13% each.
For PGA, with the BPT model, the hazard level increases from 0.26 to 0.34g as  decreases (Fig. 
15b-d). The contribution from fault 11 increases with decreasing  and reaches 66%, owing to the 
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fact that its elapsed time since the last earthquake is well past the average recurrence time. The 
contribution of the other faults decreases, either somewhat, as with fault 17, because of the 
moderate elapsed time, or completely, as with fault 12, since it has had a recent event. The 
contribution of background seismicity, already minor, becomes much smaller.
For SA1, with the Poisson model, we observe contributions very similar to those of PGA, but 
with slight contributions from more distant fault (Fig.16a).
For SA1, with the BPT model, the behavior is similar to that of PGA, except that the domination 
of fault 11 is not as great, and the more distant (R = 13.8 km) fault 13 provides a greater 
contribution.
For this site, time dependence greatly increases the hazard. In contrast to site A, for this site the 
background seismicity is not very important and becomes less important with decreasing . The 
nearest fault (10) becomes less important, and a slightly farther fault (11) becomes dominating, 
while the role of more distant fault (12) becomes negligible.
Site-C
For PGA, with the Poisson model, background seismicity contributes almost half the hazard, 
44%, while faults at moderate distance contribute the rest (Figure 17a). The primary fault 
contributions come from faults 7 and 14 at 36 km distance, with 12–15 percent of the 
exceedances. Other contributing faults are some which we saw contributing to site B. The 
probabilistic ground motion level is relatively low, which is why the more distant sources can 
equal the contribution of the local seismicity.
For PGA, with the BPT model, the hazard increases only slightly (Figure 17b-d). The contribution 
of the background seismicity decreases somewhat. Fault 14 loses all contribution as  gets 
smaller, owing to an elapsed time only about half the average recurrence time. On the other hand, 
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the percentage contribution of faults 7, 11 and 13 almost doubles, because their elapsed times are 
well past their average recurrence time.
For SA1the primary effect when applying the Poisson model is that the background seismicity 
has only a minor contribution, compared to the PGA case (Figure 18a). The contribution of the 
mid-distant faults has increased, because the longer period ground motion is dominated by their 
larger magnitudes.
For the BPT model, the hazard at SA1 increases about 15 % (Figure 18b-d). The minor 
contribution of the background seismicity stays constant, while the role of the mid-distant fault is 
rather similar to the PGA case—fault 14 loses all contribution as  gets smaller, while the 
percentage contribution of the other faults increases by 70 to 170 %.
For this site, the role of the background seismicity depends on the ground motion parameter—
consistently important for PGA, consistently minor for SA1, regardless of recurrence model. The 
two closer of the mid-distance faults become either dominating or nil as  gets smaller, and the 
more distant faults increase their contribution.
General behavior in deaggregation
In deaggregation, as a general behavior, we observe at each site; 1) compared to PGA, SA1
depends more on larger magnitudes and more distant sources, and 2) for either parameter, 
increasing the ground motions increases the dependence on closer sources. But when we 
examine the dominating sources at the sites considered, source which might be candidates for 
deterministic design ground motions; we find a more complex and less predictable behavior. 
For Rome and l’Aquila, it appears that the role of the background seismicity is dominant and nil, 
respectively, regardless of time dependence. For sites A, B, and C, we find that the role of the 
background seismicity can be large or small, can increase, stay the same, or even decrease with 
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time, depending on the ground motion parameter. For all the sites, the dominating fault sources 
in the deaggregation shift under time-dependence, depending on lapsed time/average recurrence 
time ratio. For this reason, the hazard may increase, stay the same or decrease with time.
This complex behavior of hazard and dominating source suggests that when determining design 
ground motions, examination of the time-dependence is a necessary adjunct to deaggregation.
DISCUSSION
Because probabilistic hazard maps will influence policy decisions on issues ranging from 
building codes to science funding, studies related to the uncertainty of map inputs and their effect 
on map values are important. Reliable probabilistic estimates demand that the uncertainties in 
alternative conceptual models be quantified (e.g., alternative approaches to constraining the 
relative rate of small and large-magnitude earthquakes). In this work, we have shown only the 
effect of uncertain earthquake occurrence models. Likewise, uncertainties in parameter values 
(e.g., ground motion predictive models, fault geometries, maximum earthquake magnitudes, fault 
slip rates or paleoseismic recurrence intervals) must be defined. By now, it is a common 
understanding among hazard practitioners that probabilistic seismic hazard is affected by large 
uncertainties, which include not only those that are inherent in the estimation of the input 
parameters, but also those associated with the adopted source and model (Cramer et al., 1966; 
Cramer, 2001; Beauval and Scotti, 2004; Bommer et al., 2005; Cao et al., 2005; Lombardi et al., 
2005; Morgan et al., 2006; Akinci et al., 2007, 2008). In order to provide a basis for assessing the 
uncertainty of the assessing priorities for critical research needed to increase reliability of future 
assessments; future effort will be devoted to defining and quantifying uncertainties in these 
parameters in a separate study.
32
We also compare our time-independent and time–dependent hazard maps with those generated 
by Pace et al. (2006) in the same area. First of all, we observe several areas with different hazard, 
calculated following the smoothed seismicity approach in two studies. Pace at al. (2006) 
calculate relatively high hazard with PGA around 0.2g and 0.25g in the areas, Lake Trasimeno 
(west of Perugia) and around the town of Chieti where there is neither present nor historical 
seismic activity observed, and calculated lower hazard around the Lake Bolsena, Viterbo (see 
their study Fig. 2 and 10a), for which we observe the opposite feature in our study. This
difference might be caused by the different b-values, but especially by the different GMPEs used 
in both studies. Pace et al. (2006) use spatially variable b-value distribution while we use the 
constant one. This high hazard observed in the Perugia and Chieti might be caused by unstable b-
values, calculated from an insufficient number of earthquakes in their study. For the background 
seismicity based hazard, they use the AS96 ground motion relationship, which overestimates the 
PGA values compared to the one predicted by the regional ground motion relationships that is 
used in this study, for smaller magnitudes (Akinci et al., 2004; Lombardi et al., 2005).
Differences between the time-independent hazard maps generated by the two studies might be
caused by the use of different fault databases, fault parameters and recurrence times. Moreover, 
differences between the two time-dependent hazard maps might be caused by the chosen elapsed 
time and  parameter. For example, we use different  values of 0.3, 0.5 and 0.7 in the time-
dependent occurrence in order to explore its sensitivity to probabilistic ground motion, whereas, 
Pace et al. (2006) calculate the  values from the statistics of alternative methods rather than 
from actual experienced recurrence times without using geological evidence at each individual 
fault. We do not believe that this procedure is correct.
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Even though both studies use different geological and seismological databases and different 
values, their general results are similar in the impact of the time-dependent model. That is, the 
contribution of the recently active source faults vanishes in the overall seismic hazard — the 
time-dependent PGA values are 20% lower than the Poissonian ones. On the contrary, some 
source faults with long elapsed time become the most hazardous sites, where the time-dependent 
PGA values are about 50% higher than those of the Poissonian model. 
Since the two studies introduce different ingredients and parameters (GMPEs, seismicty 
catalogs, fault data base, earthquake occurrence models,  parameters so on.) in the hazard 
calculations, it is difficult to identify the regions where the different estimates of hazard are 
caused by a specific parameter. We believe that this is an important issue to be studied in 
engineering seismology. 
Influence of geological data introduction
In this study, the hazard maps for the Central Apennines are developed by combining geologic 
data which describe the long-term recurrence behavior of the major active faults with observation 
of the size and location of large historical earthquakes, and seismicity data. 
Overall, the match between the model seismicity and the historical seismicity is fairly good. The 
historical seismicity rates fall well within the rates calculated from geological data on the fault for 
the range of magnitudes, 5.9 ≤ Mw ≤ 6.7, but the discrepancy becomes larger for magnitudes Mw > 
6.7 and the fault source model underestimates the number of earthquakes above this magnitude 
level. This departure may indicate either that the larger earthquakes have recurrence intervals 
much longer than the historical records (hence, it is possible that three or four of them are missing 
for that reason), or that larger earthquakes are not possible for most Italian faults. The departure of 
our fault rates from the historical rate at the highest magnitude is not necessarily an 
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underestimation of rate, but could as well be the result of an event of long recurrence which 
happened to occur in the historical period or that the background account for a significant 
proportion of these events of M>6.7. 
Influence of the slip rates and the recurrence period
Considering the estimated slip rates used in this study we tried to answer the question of “ii there
anything unusual about the faults having no major events in the past 1000 years?” We looked at 
the median recurrence interval of the faults with one and no recurrence in the past 1000 years 
which is 1370 and 1429 years, respectively. This is not significantly different. Assuming the 
estimated slip rate for each fault we calculated the probability of observing one or more events in 
1000 years for those faults in which one and no event were observed. The median value is 0.518 
and 0.50 for those which one or no event is observed in 1000 years, respectively. These answers 
are consistent with the assumption that the assumed rates are consistent with observations. We 
simply expect about half of the faults to have experienced one or more events and half to have 
experienced no events in 1000 years. 
In this study, fault slip rates are converted to earthquake recurrence rates. The individual 
uncertainties on the slip rate, which may cause variations in the recurrence parameters, are not 
taken into account in the Central Apennines. In our study, we have not assessed the uncertainty 
in hazard. Akinci et al., (2008) show the effect of BPT and Poisson models together with 
uncertain slip rates and maximum magnitudes and, hence, recurrence times the central 
Apennines. They observe that the uncertainty in occurrence probability under time-dependence is 
very large, when measured by the ratio of 84th to 16th percentile, typically being as much as 2 
orders of magnitude. On the other hand, when measured by standard deviation, these range from 
2 to 6% for those faults whose elapsed time since previous event is large, but for faults with 
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relatively recent previous occurrence, the probability of occurrence is always small and hence the 
standard deviations are less than 2%.
Influence of the time elapsed since the last event
Paleoseismological data and comparisons between the active fault framework and distributions 
of strong historical seismicity show that almost all faults (Fig. 1) in the western portion of the 
central Apennines were active during the past two millennia (Galadini and Galli, 2000). In 
contrast, data in the eastern portion of the investigated area indicate a lack of historical activity 
for most faults. The elapsed time since the last earthquake is, in such cases, longer than 1000 
years. For example; in the study region, for seven of the 20 faults we can not assess an elapsed
time and the last earthquakes on these faults are assumed to have occurred in 500 AD with an
elapse time of 1506. However, considering that the average recurrence interval for individual 
fault in the central Apennines is 1000-1500 years (Table 2), a significant level of seismic hazard 
is related to these faults (Fig. 10 a-f). Pace et al., (2004) imposed a 4000-years elapsed time to 
those sources without a dated major event, taking into consideration the completeness stated by 
historical and archeological studies in central Italy, but then treated those using Poisson 
assumptions. Because the unresolved problems are already explained in this paper, our 
parameters regarding magnitude and the faults associated with those magnitudes are different 
then used in the Pace et al., (2004) hazard calculations. Therefore, the differences between our 
models is that time dependent hazard maps are mostly caused by the magnitude-frequency 
models (CH, GR, Poisson) used for calculating the hazard, as well as by the parameters used for 
the problematic historical earthquakes/seismogenic sources in the region (referred to previous 
section on unresolved issues). Besides that, Pace et al., (2004) observed a similar behavior of 
sources that were recently active like Colfiorito and Fucino (activated during the 1997 and 1915, 
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respectively), and diminished the overall hazard. On the other hand, some sources, for the high 
BPT conditional probabilities, become the most hazardous (in their paper see faults called 
“Campo Felice-Ovindoli”, and “Sulmona”; in our study these faults can correspond to 
“Ovindoli” and “Mt.Morrone”, respectively) and have longer lapse times compared to their
return periods. Even though these two works cover the same area and assume similar behaviors 
of hazard, the PGA and SA can be quite different when one uses different aperiodicity parameter 
in the hazard calculations. In our study, we pointed out the impact of the different values of 
and the deaggregation changes for the selected sites.
Influence of the aperiodicity parameter
In order to calculate the time-dependent hazard in the studied region we have used the BPT 
model with three different aperiodicity parameters, 0.3, 0.5 and 0.7. These values are similar to 
the coefficient of variation of 0.5±0.2 used by Working Group on Regional Earthquake 
Likelihood Model (RELM) of the Southern California Earthquake Center (SCEC, 1994). 
Sensitivity analysis on PGA and SA1 shows impact of  parameters and time-dependence vs. 
time-independence. The time-dependent maps, for =0.7 and 0.5 differ by about 10% to 20% 
from the time-independent maps, the difference increases to ±80% when gets smaller (~0.3)
(figure 10). However, for most of Central Apennine, located well away from the time-dependent 
sources, the ground motions are similar. The Mt. Morrone (no: 13), Middle Aterno Valley (no: 
11), Upper Sangro Valley (no: 17) and Aremogna Cinquemiglia (no: 15) faults which are located 
ESE of the central Apennines, generally have elevated hazard relative to the time-independent 
maps. This is because it has been a long time since the last earthquake—about 1500 years since 
the 500 AD assumed activation. All of these faults are late or close to their seismic cycles. The 
Gualdo Tadino (no:2), Fucino (no:12), Norcia (no:4), Liri Valley-Sora (no:16) faults, on the 
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other hand, have time-dependent hazard that is lower than the time-independent hazard due to 
the relatively short period since the last earthquake, which places these faults in the first half of 
their seismic cycles.
Importance of deaggregations
Seismic hazard analyses for engineering purposes are usually conducted for particular sites, 
rather than regions. Because of this, there has been a move to make hazard assessments as site-
specific and as fault-specific as possible. Deaggregation plots can provide useful information on 
how the typical size and distance of earthquakes making the largest contributions to the seismic 
hazard at a specific site varies both with the probability level and with the spectral parameter. 
Performing deaggregations at more than one period will help determining if one source 
dominates at all periods, and clarify the need for one, or more than one, design earthquakes. This 
information can also be used to generate the scenario earthquakes and the corresponding time 
histories for dynamic seismic design and retrofit for cities in the Central Apennines, Italy (Olsen 
et al., 2006). These maps may assist in the determination of earthquake parameters (magnitude 
and distance) that earthquake engineers use in their work in earthquake-resistant design and 
retrofitting. We also observed that larger, more distant earthquakes are more important 
contributors to the SA1 hazard than the PGA hazard. This typical behavior is seen in the 
deaggregation for the cities of Rome and l’Aquila, and the selected three sites. This is caused by 
the higher ratio of long-period to short-period energy radiated by larger earthquakes, and to be 
lower rate of amplitude decay per unit distance for long-period waves.
CONCLUSIONS
We constructed a PSHA model for the central Apennines based on the long-term recurrence 
behavior of active faults together with the spatial distribution of earthquakes observed in historic 
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time. In order to express the time dependence of the seismic processes to predict the future 
ground motions in the region; we used a Brownian Passage Time (BPT) model (Matthews et al., 
2002). We presented the results for both BPT and Poisson models in terms of maps of Peak 
Ground Acceleration (PGA) and 1.0-sec spectral response acceleration (SA1) for 10% probability 
of exceedance in 50 years. The maps show the highest levels of peak ground and spectral 
accelerations to occur along the axis of the tectonic belt, both for the time-dependent and the 
time-independent models. Time-dependent hazard is increased with respect to the results of the 
Poissonian source model and the peaks appear to shift to the ESE of the central Apennines. 
Using aperiodicity parameter () of 0.3, 0.5, and 0.7, we examine the sensitivity of the 
probabilistic ground motion to these parameters. PGA estimates mostly increase with decreasing 
 at the south-eastern part of the studied area including the faults 7, 10, 11, 13, 15, 17 and 18, 
that have long lapse times, well past average recurrence time (elapsed time ratio ~ 1.0). The 
hazard decreases along the central belt of the Apennines where the faults have shorter lapse time
of compared to its average recurrence time (fault 2, 4, 9, 12 and 16, elapsed time ratio ~ 0.0-0.2).
Because it is difficult to follow the details of the behavior of each fault as a function of elapsed 
time we deaggregated the seismic hazard at some specific sites as a function of  parameter.
When we examined the dominating sources at the sites considered, source which might be 
candidates for deterministic design ground motions; we find quite complex and less predictable 
behavior. We observed at each site, compared to PGA SA1 depends more on larger magnitudes 
and more distant sources, and for either parameter, increasing the ground motions increases the 
dependence on closer sources. This complex behavior of hazard and dominating source means, 
when determining design ground motions, examination of the time-dependence is a necessary 
adjunct to deaggregation.
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The results of the present study clearly illustrate the influence of active fault parameters to 
probabilistic seismic hazard maps. However, the absolute ground motion levels obtained in this 
study should be considered with care since these are highly dependent of the assumptions made 
in the different input models and the chosen attenuation relation. 
In general, the time-dependent models may be applicable in a few areas because we know little 
about the recurrence rates for the majority of seismic sources in most of the region in the world. 
However, for the few faults for which we think we have adequate information on time-dependent 
behavior, a time-dependent model may be better at identifying the short-term risks for economic 
loss assessment than a time independent model.
DATA AND RESOURCES
In this paper, we used declustered CPTI04 historical catalogue that is prepared by the Working 
Group, (http://emidius.mi.ingv.it/CPTI04;.CPTI, 2004). Fault information used for hazard 
calculations (table 1 and 2) came from many published sources listed in the references. The 
annual rate of exceeding a specified ground motion at a site was calculated using the computer 
codes available on the USGS website [http://earthquake.usgs.gov/research/hazmaps/]. Many of 
plots are made using the Generic Mapping Tools version 4.2.1 (www.soest.hawaii.edu/gmt; 
Wessel and Smith, 1998). 
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FIGURE CAPTIONS
Figure 1 Primary, active faults and Mw≥5.5 historical earthquakes after Working Group CPTI 
(2004) in the investigated sector of the central Apennines. Legend: 1) Gubbio fault system; 2) 
Gualdo Tadino fault; 3) Colfiorito fault system; 4) Norcia fault system; 5) Mt. Vettore fault 
system; 6) Laga Mts. fault; 7) Campo Imperatore-Assergi fault system; 8) l’Aquila, Upper 
Aterno Valley Fault system; 9) Salto Valley fault; 10) Ovindoli-Pezza-Campo Felice fault 
system; 11) Middle Aterno fault system; 12) Fucino fault system; 13) Mt. Morrone fault system; 
14) Maiella, Mt. Porrara fault; 15) Aremogna-Cinquemiglia fault; 16) Liri Valley fault; 17) 
Upper Sangro fault.
Figure 2 Scheme used to make hazard calculations for the Central Apennines. 
Figure 3 Location of earthquakes in the Working Group CPTI (2004) catalogue from 271 BC to 
2003 AD, M>4.5 together with the Apennine seismogenic master faults.
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Figure 4 Fault segments used in this study for the Central Apennines; boxes present the single 
characteristic earthquake segments (thin lines) as simplified rectangular shapes (detailed 
information on the scheme of a single box is given in Table 1. Thick lines present the fault zones 
in which we used the floating fault model. Fault segments are marked with numbers: 1, Gubbio; 2, 
Gualdo Tadino; 3, Colfiarito, Sellano; 4, Norcia; 5, Mt. Vettore; 6, Laga Mts. (Campotosto); 7, 
Campo Imperatore Assegi; 8, l’Aquila; 9, Martani Mts. South, Salto-Velino Valleys; 10, Ovindoli-
Pezza; 11, M. Atterno Valley; 12, Fucino; 13, Mt. Morrone; 14, Maiella; 15, A. Cinquemiglia; 16, 
Liri Valley-Sora; 17, U. Sangro Valley ; 18, Poggio Picenza; 19, Fabrianese.
Figure 5 The cumulative number of events per year versus magnitude observed historically in the 
Central Apennines (thick line) and predicted from our source model, (dark dashed line) We also 
show the contribution to the predicted rates from the faults using the Characteristic earthquake, 
CH (square symbols) model and background seismicity sources (thin straight line).
Figure 6 Peak Ground Acceleration (PGA), computed for Mw7.0 and Mw5.0 earthquakes at a hard 
rock site. Results based on the attenuation and excitation parameters obtained by Malagnini et al. 
(2000 and 2002) and Morasca et al. (2005) (solid lines), are compared with the results of the 
empirical strong motion regressions by Sabetta and Pugliese (1996, black dotted curves), 
Ambraseys et al. (1996) (gray dotted curves), after adjustments for compatibility.
Figure 7 Graph showing 50-year probability of the Aremogna-Cinquemiglia fault/earthquake 
occurrence, as a function of elapsed time ratio. Curves are for Poisson model and BPT model with 
indicated  values. The x-axis presents lapse time since the last characteristic earthquake (T-
lapse=1506) as a ratio of the mean-recurrence interval (T-bar=1381). The arrow indicates the 
2006 lapse time for this segment. 
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Figure 8 Maps of probabilistic PGA, having 10% probability of exceedence in 50 years for 
Poisson model, derived from A ) gridded seismicity and B ) faults, only. 
Figure 9 Maps of probabilistic PGA having 10% probability of exceedence in 50 years, derived 
from both gridded seismicity and faults BPT renewal model using the A )  0.3, B ) 0.5 and C ) 
0.7, and for D ) Poisson model. 
Figure 10 Maps of ratios of PGA (A, B, C, left) and SA1 (D, E, F, right) hazard between time-
dependent and Poisson models. Maps show ratios, BPT over Poisson model, for 10% exceedence 
in 50-tear hazard using different  values: (A, D) 0.3, (B, E) 0.5, and (C, F) 0.7.
Figure 11 Deaggregated seismic hazard from BPT (=0.5) and Poisson models for the city of 
L’Aquila (indicated with the yellow disk) for 10% in 50 yr probability of exceedence on 
crystalline rock with no site amplifications: PGA (A, B, left) and SA1 (C, D, right). PGA and SA1
are 0.39-0.42 g (PGA) and 0.36-0.41 g (SA1) in l’Aquila, respectively. Here and figure 12, 13, 14, 
15, 16, 17 and 18, the color of the bar over each location indicates the average magnitude of all 
potential seismic sources at that location. The height of the bar is proportional to the hazards from 
all sources at the location. Red lines represent surface traces of the faults. Major faults are 
numbered and correspond to one as given in Table 1 and 2.  F09: Fault number 9, Fucino, as in 
table 1 and 2; SS:Smoothed seismicity. 
Figure 12 Deaggregated seismic hazard from BPT (=0.5) and Poisson models for the city of 
Rome (indicated with the yellow disk) for 10% in 50 yr probability of exceedence on crystalline 
rock with no site amplifications: PGA (A, B, left) and SA1 (C, D, right). PGA and SA1 are 0.14-
0.13g and 0.080-0.075g in Rome, respectively.
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Figure 13 Deaggregated PGA hazard from A) Poisson, and BPT for B) 0.7, and C) 0.5 and D) 
0.3 models for site A (indicated with the yellow disk) for 10% in 50 yr probability of exceedence 
on crystalline rock with no site amplifications. 
Figure 14 Deaggregated SA1 hazard from A) Poisson, and BPT for B) 0.7, and C) 0.5 and D) 
0.3 models for site A (indicated with the yellow disk) for 10% in 50 yr probability of exceedence 
on crystalline rock with no site amplifications. 
Figure 15 Deaggregated PGA hazard from A) Poisson , and BPT for B) 0.7, and C) 0.5 and D) 
0.3 models for site B (indicated with the yellow disk) for 10% in 50 yr probability of exceedence 
on crystalline rock with no site amplifications. 
Figure 16 Deaggregated SA1 hazard from A) Poisson , and BPT for B) 0.7, and C) 0.5 and D) 
0.3 models for site B (indicated with the yellow disk) for 10% in 50 yr probability of exceedence 
on crystalline rock with no site amplifications. 
Figure 17 Deaggregated PGA hazard from A) Poisson , and BPT for B) 0.7, and C) 0.5 and D) 
0.3 models for site C (indicated with the yellow disk) for 10% in 50 yr probability of exceedence 
on crystalline rock with no site amplifications. 
Figure 18 Deaggregated SA1 hazard from A) Poisson , and BPT for B) 0.7, and C) 0.5 and D) 
0.3 models for site C (indicated with the yellow disk) for 10% in 50 yr probability of exceedence 
on crystalline rock with no site amplifications. 
Table 1 Geometric parameters of the fault segments (fault dip, Dip; depth, H; length, L; width, W) 
and its seismic behavior (slip rates, SR, maximum magnitude, Mmax) in the Central Apennines.
Table 2 Time-dependent Fault Segments, earthquake association (Previous Earthquake/s) and 
their Recurrence Intervals (years), Year of Last Earthquake, Rates and Probabilities for Poisson, 
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time-independent, and BPT, time-dependent, PSHA Models, ratio of T-lapse/T-bar where T-
lapse= lapse time since the last characteristic earthquake and T-bar= mean-recurrence interval. 
# Faults SR 
(mm/y) 
W 
(km) 
L 
(km) 
Mw H 
(km) 
Dip 
(o) 
1, 2, 3, 4 Gubbio, G. Tadino, Colfiorito, 
Norcia, (flt. fault) 
0.20 15 139 5.9 8.0 -60 
1 Gubbio 0.20 20 22 6.2 8.0 -40 
2 Gualdo Tadino 0.20 15 16 6.3 13.0 -60 
3 Colfiorito, Sellano 0.20 20 23 6.3 13.0 -40 
4 Norcia 0.65 15 42 6.8 13.0 -40 
5 Mt. Vettore 0.40 15 22 6.5 13.0 -60 
6 Laga Mts. (Campotosto) 0.50 14 29 6.6 13.0 -65 
7 Campo Imperatore Assergi 0.50 15 44 6.8 13.0 -65 
8 L’Aquila 0.60 15 34 6.7 13.0 -60 
9 Martani Mts. South, Salto-
Velino Valleys, (flt. fault) 
0.10 14 47 6.0 13.0 -70 
10 Ovindoli-Pezza 0.65 15 23 6.5 13.0 -60 
11 Middle Aterno Valley 0.60 15 21 6.5 13.0 -60 
12 Fucino 0.65 17 56 7.0 13.0 -50 
13 Mt. Morrone 0.50 15 21 6.5 13.0 -60 
14 Maiella 0.60 15 28 6.6 13.0 -60 
15 Aremogna-Cinquemiglia 0.50 15 21 6.5 13.0 -60 
16 Liri Valley-Sora, (flt. fault) 0.20 15 62 6.2 13.0 -60 
17 Upper Sangro Valley 0.40 17 22 6.5 13.0 -50 
18 Poggio Picenze 0.60 13 11 6.0 13.0 -60 
19 Fabriano-Camerino, (flt. fault) 0.10 15 51 5.9 13.0 -60 
 
Sources/references 
1) Pucci et al. (2003) 
2) Barchi et al. (2000) 
3) De Martini et al. (2003); Lundgren and Stramondo (2002); Salvi et al. (2000); Messina et al., 
(2002); Chiaraluce et al. (2005); Mirabella and Pucci (2002) 
4) Galli et al. (2005); Pizzi and Scisciani (2000); Blumetti (1995) 
5) Galadini and Galli (2003). 
6) Boncio et al. (2004b); Galadini and Galli (2003) 
7) Galadini et al. (2003); Giraudi and Frezzotti (1995); Carraro and Giardino (1992) 
8) Galadini and Galli (2000); Moro et al. (2002) 
9) Barchi et al (2000) 
10) Pantosti et al. (1996); Salvi et al. (2003); Salvi and Nardi (1995) 
11) Galadini and Galli (2000) 
12) Galli et al. (2002); Galadini and Messina (2001); Galadini and Galli (1999) 
13) Vittori et al. (1995); Cavinato and Miccadei (1995); Gori et al. (2006, submitted) 
14) Gasperini et al. (1999) 
15) D'Addezio et al. (2001) 
16) Barchi et al. (2000) 
17) Galadini and Messina (1993); Galadini et al. (1998) 
18) The present paper 
19) Barchi et al. (2000) 
 
TABLE 1
Figure
 
 
# 
 
Faults 
 
PREVIOUS 
EVENTS 
 
LAST 
EVENTS
REC. 
TIME
T-bar
 
Poisson 
Annual Rate
   Renewal 
BPT, α =0.5 
50 yr prob. 
 
T-lapse/ 
T-bar 
 
MODEL
 
1, 2, 3, 4 
 
Gubbio, G. Tadino, 
Colfiorito, Norcia 
 
1328, 1599, 
1730, 1747, 
1859, 1984, 
1997,1979, 
 
1997 
 
103 
 
9.71x10-3 
 
1.683x10-1 
 
0.07 
FLOAT 
FAULT 
1 Gubbio - (*) 1348 7.42x10-4 7.36x10-2 1.12 CHAR. 
MODEL 
2 Gualdo Tadino 
 
1751 1751 2215 4.51x10-4 1.52x10-6 0.10 CHAR. 
MODEL 
3 Colfiorito,  Sellano 
 
1279 1279 1160 8.62x10-4 5.84x10-2 0.62 CHAR. 
MODEL 
4 Norcia 1703 1703 1458 6.86x10-4 1.21x10-3 0.20 CHAR. 
MODEL 
5 Mt. Vettore - (*) 1627 6.15x10-4 5.69x10-2 0.92 CHAR. 
MODEL 
6 Laga Mts. 
(Campotosto) 
- (*) 1442 6.93x10-4 6.75x10-2 1.04 CHAR. 
MODEL 
7 Campo Imperatore 
Assergi 
- (*) 1789 5.59x10-4 4.895x10-2 0.84 CHAR. 
MODEL 
8 L’Aquila 1703 1703 1369 7.30x10-4 2.04x10-3 0.22 CHAR. 
MODEL 
9 Martani Mts. South 
Salto-Velino 
Valleys 
1298, 1898 1898 573 1.75x10-3 4.29x10-3 0.18 FLOAT 
FAULT 
10 Ovindoli-Pezza (%) 1349(?) 941 1.06x10-3 8.0x10-2 0.70 CHAR. 
MODEL 
11 Middle Aterno 
Valley 
- (*) 1132 8.84x10-4 9.14x10-2 1.32 CHAR. 
MODEL 
12 Fucino (&) 1915 1910 5.24x10-4 4.9x10-14 0.04 CHAR. 
MODEL 
13 Mt. Morrone 125 125 1360 7.35x10-4 7.65x10-2 1.38 CHAR. 
MODEL 
14 Maiella 1706 1706 1160 8.62x10-4 5.73x10-3 0.47 CHAR. 
MODEL 
15 Aremogna-
Cinquemiglia 
- (*) 1381 7.24x10-4 7.18x10-2 1.09 CHAR. 
MODEL 
16 
 
Liri Valley-Sora 
 
1654, 1922 1922 
 
402 
 
2.49x10-3 
 
1.51x10-2 
 
0.20 FLOAT 
FAULT 
17 Upper Sangro 
Valley 
- (*) 1429 7.0x10-4 6.84x10-2 1.05 CHAR. 
MODEL 
18 Poggio Picenze 1461, 1762 1762 405 3.53x10-3 1.62x10-1 0.60 CHAR. 
MODEL 
19 Fabrianese 
 
1799,1873, 
1741 
1873 343 2.92x10-3 1.06x10-1 0.38 FLOAT 
FAULT 
(*) We assume activation on 500 AD for the Gubbio, C. Imperatore, Mt. Vettore, Laga Mts., M. A. Valley, 
Mt. Morrone, Sangro and Aremogna-Cinquemiglia sources, deriving from the mean of the time span 0 AD-
1000 AD. (see Galadini and Galli 2001, 2003; Galadini et al., 2003).  
(&) Paleoseismological earthquakes, 508-618AD, 1100BC-1600BC, 2200BC-3944BC, 400BC-5979BC, 
5770BC-10729BC, 10053BC-10729. 
(%) Paleoseismological earthquakes, 1300AD-1690BC, 1420BC-5620BC, 5460BP-20000BP 
TABLE 2

CATALOGS (Model-1)	  	                       FAULTS (Model-2)
    4.6<Mw<5.9 Mw>=5.9
Spatially Smoothed seismicity
CPTI04-declustred (Working Group,  2004)
seismity rate, b
REG
= 0.90)
(Max Likelihood Method)
__________________________
Regional attenuation  relationships 
(Malagnini et al., 2000)
_______________________
Point Sources
Faults and geologic informations 
(Valensise & Pantosti, 2001;
Galadini&Galli, 2000 and 
further works cited in Table 1).
___________________________
ASB96 and SP96 attenuation relationships
____________________________
Characteristic and floating fault 
models
+
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A ) (PGA) 10% Probability in 50 years 
      (renewal model, BPT, α=0.3)
B ) (PGA) 10% Probability in 50 years 
      (renewal model, BPT, α=0.5)
C ) (PGA) 10% Probability in 50 years 
      (renewal model, BPT, α=0.7)
D ) (PGA) 10% Probability in 50 years 
              (poisson model)
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